Abstract: Secretion of periplasmic alkaline phosphatase (PhoA) encoded by the gene constituent of plasmids and the peculiar properties of cell envelope biogenesis in Escherichia coli strains with controlled synthesis of individual membrane phospholipids have been studied. Alkaline phosphatase secretion across the cytoplasmic membrane declines, while secretion into the culture medium intensifies under changed metabolism. The composition of anionic membrane phospholipids changes due to inactivation of the pgsA gene or regulation of its expression by environmental factor, as well as in the absence of the pssA gene which is responsible for the synthesis of the precursor for zwitter-ionic phospholipidphosphatidylethanolamine. This correlates with intensified secretion of exopolysaccharides and lower content of lipopolysaccharide and lipoprotein which are responsible for barrier properties of the outer membrane. The results suggest a possible coupling of protein secretion with biogenesis of cell envelope components at a level of phospholipid metabolism.
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Introduction
Escherichia coli cell envelope consists of several compartments: cytoplasmic membrane, periplasm, peptidoglycan layer (cell wall), and outer membrane [1] . The cell envelope serves as a barrier between cell contents and the environment and as a means of communication between them to provide the fluxes of nutrients, energy and information. Proteins are an integral part of the cell envelope. Most secreted soluble proteins of E. coli (with the exception of several protein toxins) are localized in the periplasm [2] . However, our previous works [3, 4] have shown that the cells of different E. coli strains under overproduction of periplasmic alkaline phosphatase (PhoA) encoded by the gene constituent of plasmids secrete this enzyme not only into the periplasm, but also into the culture medium in the absence of lysis. It proved to be a result of changes in the outer membrane's chemical composition and structure leading to its increasing permeability for periplasmic proteins. The level and mechanism of secretion depended on the nature of a strain and the character of changes in envelope structure [5] [6] [7] [8] . This fact suggested that overproduction and secretion of periplasmic proteins resulted in competition of cell envelope components either for the sites of translocation across the membranes or for the common metabolites involved in these processes. Phospholipids are a candidate for metabolites which are common for protein secretion and envelope biogenesis. As components of the cytoplasmic membrane, they not only form the barrier of permeability for many substances but also, being a microenvironment for many proteins and possessing metabolic and structural dynamicity, phospholipids are involved in many transmembrane processes [9] [10] [11] [12] [13] . In particular, anionic phospholipids (APL) provide optimal conditions for the functioning of protein components of secretory machinery and participate in secretion initiation through interaction with the signal peptide [14] [15] [16] . Zwitter-ionic phospholipid, phosphatidylethanolamine (PE), is engaged in translocation through formation of non-bilayer structures [17, 18] . At the same time, phospholipids are metabolic precursors of some envelope components: periplasmic oligosaccharides of membrane-derived (MDO), lipoprotein (LP) and lipopolysaccharide (LPS) of outer membranes [9, 10] . The findings suggest an interrelation between protein secretion and biogenesis of other cell envelope components and a possible contribution of membrane phospholipids to this interrelation. However, the role of phospholipids in this process has not been studied up to now, in spite of its apparent relevance. Solving this problem would ensure a better understanding of the biogenesis of the cell envelope, which is a barrier, mediates communication between the cell and the environment, and is involved with the mechanism of protein secretion. This knowledge would make it possible to solve many problems in the fields of cell biology and biotechnology.
The goal of this work is to reveal the contribution of phospholipids to the interrelation between protein secretion and biogenesis of cell envelope components in Escherichia coli.
The E. coli alkaline phosphatase encoded by a gene constituent of plasmids was used as a model secreted protein. The enzyme secretion was studied in mutant E. coli strains with controlled synthesis of individual phospholipids and additionally under MDO synthesis.
Experimental procedures

Bacterial strains and plasmids
Mutant E. coli strains with controlled synthesis of individual membrane phospholipids (Table 1) were used in this study. Strain AD93 (pss9::kan recA srl::Tn10
with plasmid pDD92 synthesize PE [19] . Strain E. coli HD30/pHD102 (pgsA30::kan) lacks the pgsA gene responsible for the synthesis of phosphatidylglycerol (PG). The plasmid pHD102 with pgsA gene, replication of which is temperature-sensitive, recovers PG synthesis [20] . The strain is nonviable in the absence of this plasmid. Regulation of APL content becomes possible at cultivation of this strain at different temperatures (30
Another strain, HDL11 (Δ lpp), contains the pgsA gene under the control of lac-promoter, and APL content depends on the content of its inducer -isopropylthio-β-D-galactopyranoside (IPTG) in the medium [21] . APL content is 6.4% in the absence and 20% at addition of IPTG, which corresponds to the natural APL level. For overproduction, the above strains were transformed with plasmid pSAP-1 carrying the wild type phoA gene in plasmid vector pBAD18 under the control of ara-promoter P BAD [22, 23] or plasmid pHI-7 obtained from vector pBR322, with the wild type phoA gene under the own promoter P P HO [24] .
Growth media and conditions
For all biochemical experiments demanding expression of the phoA gene, E. coli cells were grown on a mineral medium [25] containing (g/l): NaCl -4. 7 and pSAP-1 were maintained on ampicillin (100 μg/ml), plasmids pDD72 and pHD102 -on chloramphenicol (25 μg/ml). For expression of phoA under the own promoter, cultivation was run to the mid-log phase, cells were harvested by centrifugation at 4000 g, washed twice for 20 min by a mineral medium without orthophosphate and peptone, and cultured in the same medium under similar conditions. This strategy is optimal for de-repression of alkaline phosphatase synthesis. Expression of phoA under the control of P BAD promoter was induced by the addition of 0.5% arabinose to a culture grown to the mid-log growth phase.
In all experiments with arbutin (hydroquinone-β-D-glucoside, MDO analog), the bacteria were grown in a similar way, with arbutin added in a final concentration of 17 mM at the moment of induction of PhoA synthesis. Biosynthetic processes were stopped by 0.005% merthiolate. 
Alkaline phosphatase secretion
Alkaline phosphatase secretion was analyzed by phosphatase activity in culture and in culture liquid. PhoA activity was determined by the rate of p-nitrophenylphosphate hydrolysis; the enzyme activity hydrolyzing 1 μM of substrate in 1 min at 37
• C was taken as a unit of enzyme activity (U). PhoA secretion across the cytoplasmic membrane was assessed by its activity in the culture, because the enzyme becomes active only after polypeptide chain translocation across the cytoplasmic membrane into the periplasm which provides conditions for the formation of disulfide bonds and dimerization of subunits [26] . For assessment of PhoA secretion into the medium, the culture was centrifuged at 14,000 g for 3 min and the activity of extracellular enzyme was measured in supernatant. Thus, it is possible to assess the level of PhoA translocation across the cytoplasmic membrane and secretion into the medium by its activity in cell culture and in culture liquid, respectively.
Alkaline phosphatase isoforms spectrum
Alkaline phosphatase isoforms were revealed by their activity, using gel treatment with α-naphthylphosphate and Fast Red RR after electrophoresis of periplasmic proteins under non-denaturing conditions [27] .
Immunoblot analysis of alkaline phosphatase and lipoprotein
Immunoblot detection was performed after protein electroblotting on nitrocellulose BA-85 (Schleicher and Schull, Germany) using rabbit antibodies against denatured PhoA and lipoprotein of E. coli and protein A conjugate with horseradish peroxidase (Bio-Rad, USA).
Phospholipid assay
Phospholipids were extracted from cells grown to the mid-log growth phase according to Ames [28] . Thin-layer chromatography of phospholipids was performed on Kieselgel-60 plates (Merck, Germany) pre-treated with 5% (v/v) ethanol containing 1.2% boric acid in the system of chloroform : methanol : water : ammonium hydroxide (60 : 37.5 : 3 : 1 (v/v)) [29] . Stains of individual phospholipids were developed in iodine vapor, cut out, extracted from silica gel by a mixture of chloroform : methanol : water (5 : 5 : 1 (v/v)), and the content of phosphorus in lipids was determined as described [30] .
Subcellular fractions
Spheroplasts were obtained from washed cell pellet by way of cell wall lysis using lyzozyme and EDTA in the presence of sucrose according to Miura and Mizushima [31] . Spheroplasts were centrifuged at 12,000 g for 60 min and supernatant was used as a periplasmic fraction. Spheroplasts were lyzed by osmotic shock and membranes were precipitated from the lysate for 60 min at 12,000 g after removal of non-destroyed cells and spheroplasts. Supernatant was used as a cytoplasmic fraction. Proteins of the cytoplasmic and outer membranes were separated by the method of selective solubilization of membranes using 2% Triton X-100 according to Schnaitman [32] .
Gel Electrophoresis
Protein electrophoresis was performed in 10% polyacrylamide gel with 0.1% Ds-Na [33] and under non-denaturing conditions according to Davis [34] .
Analytical methods
Protein concentration was determined by the method of Lowry [35] . The content of exopolysaccharides (EPS) was determined by antrone method [36] and the content of a component of membrane lipopolysaccharide, 2-keto-3-deoxy-D-mannooctonate was determined using thiobarbituric acid [37] .
Results
The effect of changes in membrane phospholipid composition on the growth of E. coli cells
Although there are significant differences in phospholipid compositions of the strains under study, cell growth rate is actually unchanged as compared with the cells with wild-type levels of zwitter-ionic or anionic phospholipids ( Figure 1 ). This is obviously due to the fact that strain HDL11, in the absence of IPTG against the lower contents of phosphatidylglycerol (PG) and cardiolipin (CL), has a higher content of phosphatidic acid (PA) which is a precursor of these phospholipids and can partially compensate for their deficiency. Strain AD93 needs high concentrations of MgCl 2 (50 mM) for its growth, and anionic CL under these conditions may functionally substitute for the lacking PE, because in the presence of bivalent cations CL is also able to form non-bilayer structures [38, 39] .
3.2 The effect of changes in membrane phospholipid composition on PhoA secretion across the cytoplasmic and outer membranes of E. coli
The dynamics of PhoA secretion across the cytoplasmic membrane and into the culture medium were assessed in the strains under study with controlled synthesis of individual phospholipids and those transformed by plasmid pHI-7. As Figure 2A shows, PhoA secretion across the cytoplasmic membrane in strain HD30/pHD102/pHI-7 with the normal phospholipid composition is observed in 2 h after the enzyme synthesis induction and proceeds linearly for 12 h, reaching 4000 mU/mg protein. Secretion into the medium begins much later and at 8 h after PhoA induction it is rather low: extracellular PhoA makes no more than 10% ( Figure 3B ) of total active PhoA ( Figure 3A) . In strain HDL11/pHI-7 ( Figure 2B ), secretion across the cytoplasmic membrane begins immediately after the enzyme synthesis induction, reaching its maximum in 3 h, after which the rate of secretion decreases. PhoA secretion into the medium in this strain occurs in parallel with secretion across the cytoplasmic membrane ( Figures 3A and 3B ). Up to 70% of active protein is found in the medium. Thus, PhoA secretion in strain HDL11 proceeds by the type of leaky-mutants [40] , because the outer membrane of this strain lacks lipoprotein, which is responsible for the barrier properties of this membrane. We have observed analogous leaky-mutant secretion previously in strain E. coli KS203, which also lacks lipoprotein [41] . Changes in the content of anionic phospholipids (in strain HD30/pHD102/pHI-7 at 42
• C, or strain HDL11/pHI-7 in the absence of IPTG) result in a decline of PhoA secretion across the cytoplasmic membrane (Figures 2A and 2B ). PhoA secretion into the culture medium has an opposite dependence on the content of anionic phospholipids (Figures 3A and 3B) . Under its decrease, secretion into the medium significantly intensifies, particularly in strain HD30/pHD102 with PhoA overproduction. No more than 10% of active enzyme is secreted into the medium at the normal phospholipid composition, whereas ∼26% is secreted under phospholipid composition unbalance. At a chromosomal level of phoA expression, secretion into the medium is weak, but it also intensifies under the unbalance of membrane phospholipid composition. The effect of the latter is less in strain HDL11/pHI-7 having no lipoprotein in the outer membrane. In this strain, PhoA is secreted into the culture medium even at the chromosomal level of enzyme synthesis and at the normal phospholipid composition (up to 20%), and the amount of secreted protein increases to 70% at PhoA overproduction ( Figures 3A and 3B ). This amount, however, also increases under changed phospholipid composition.
In strain AD93/pDD72/pHI-7 with the wild type level of PE, secretion across the cytoplasmic membrane lasts 6 h from the beginning of the enzyme synthesis induction and reaches 8000 mU/mg cell protein ( Figure 2C ). Secretion into the medium in 8 h after the enzyme synthesis induction, did not exceed 10% ( Figures 3A and 3B) .
In the absence of PE in the membranes, the level of secretion across the cytoplasmic membrane is significantly lower ( Figure 2C ). In spite of this fact, secretion into the medium in PE-lacking cells is much more intensive as compared with the cells with the wild type level of this phospholipid ( Figures 3A and 3B ). 3.3 The effect of changes in membrane phospholipid composition on the spectrum of alkaline phosphatase isoforms in the periplasm and culture liquid
After translocation across the cytoplasmic membrane, PhoA is known to undergo posttranslocational proteolytic modification in the periplasm [42] . This process includes the cleavage of N-terminal Arg by modifying proteinase (iap gene product) and dimerization of subunits. Three enzyme isoforms are formed during modification: a dimer of identical subunits with uncleaved Arg residues (isoform I); a heterodimer with Arg absent in one subunit only (isoform II); and a dimer with both subunits lacking the N-terminal Arg (isoform III) [43, 44] . The ratio of these isoforms depends on cultivation conditions and the level of enzyme expression [45, 46] . The comparative analysis of the spectrum of PhoA isoforms and their relative content in the periplasm and culture medium answers the following question: Does the protein, in the course of its secretion into the medium, pass through the periplasmic stage where it undergoes posttranslocational modification, or is it secreted into the medium by-passing the periplasm without completing the above process?
The analysis of the spectrum of periplasmic and extracellular PhoA isoforms in strain AD93 showed the dependence of their ratio on PE content in cells. The cells of AD93/pDD72 have three enzyme isoforms, but the completely modified form III is not revealed in the cells of AD93 (in the absence of PE) (Figure 4 ). This correlates with the previous laboratory data that not only secretion, but also posttranslocational modification of PhoA is suppressed in the absence of PE, supposedly due to inhibition of secretion of the modifying proteinase, which is localized in the periplasm like PhoA [46] . The comparison of isoform spectra in the periplasm and culture medium of cells with the normal and unbalanced phospholipid content shows their absolute identity, supporting the existence of periplasmic stage in the secretory pathway to the culture medium.
The change in membrane phospholipid composition due to lower content of anionic phospholipids has no significant effect on the isoform spectrum ( Figure 5 ). This means that the relative content of PhoA isoforms, different in their specific activities, does not contribute to the enzyme activity by which the protein secretion is assessed. PhoA immunoblotting ( Figure 6 ) shows that the lower APL content has no significant effect on PhoA synthesis either. At the same time, it can be seen that secretion across the cytoplasmic membrane is suppressed as APL decreases, because the prePhoA/PhoA ratio under these conditions is higher. This fact supports the conclusion derived from the analysis of alkaline phosphatase activity.
Thus, the unbalanced phospholipid composition does not change the mechanism of protein secretion into the medium, affecting only its efficiency. 
The effect of changes in PE composition on cell morphology
Morphology of the cells with significant changes in membrane phospholipid composition is changed as well. The electron microscopy of thin sections of AD93 cells shows that the cells with the wild type phospholipid composition have a typical envelope, where the outer membrane with peptidoglycan layer tightly adjoins the cytoplasmic membrane throughout. The periplasm of these cells (particularly at their poles) is filled with a homogenous material ( Figure 7A ), which previously [4, 5, 8] has been identified cytochemically and immunocytochemically as alkaline phosphatase under conditions of its induction. At the same time, in the cells of PE-lacking strain the periplasm takes much space and is not filled with the said material, while the outer membrane is rather distant from the cytoplasmic membrane ( Figure 7B ). Probably, natural contacts between the external and outer membranes are disturbed in these cells due to the absence of PE, and the periplasm is deficient of proteins because they are excreted into the medium. These cells have conspicuous large inclusions in their periplasm, which probably are secondary metabolites of phospholipid metabolism formed under its unbalance as a result of mutations.
3.5 The effect of changes in membrane phospholipid composition on the content of some components of cell envelope
The most important components of E. coli cell envelope, which are responsible for its barrier properties, are LPS and LP [47] . We have analyzed the content of these components depending on the level of PhoA synthesis and secretion and the content of phospholipids (Table 2) . Here and on: all samples were analyzed in the moment of maximal PhoA secretion Table 2 The content of LPS and EPS in E. coli strains.
The analysis has shown that LPS content in cells with the maximal biosynthesis and secretion of PhoA and with the normal phospholipid composition increases 1.6-fold in strain HD30/pHD102/pHI-7 and 3.5-fold in strain AD93/pDD72/pHI-7. In strain HDL11, PhoA overproduction barely changes the LPS content.
However, at a change in membrane phospholipid composition due to the absence of PE or lower APL content, LPS content drops independent of the level of PhoA synthesis: 3.2 times in strain AD93/pHI-7, 1.2 times in strain HD30/pHD102, and 1.6 times in strains HD30/pHD102/pHI-7 and HDL11, but is little changed in HDL11/pHI-7. These data suggest that PhoA secretion may be coupled with LPS biosynthesis. Under disturbance of phospholipid metabolism, both PhoA secretion and LPS biogenesis are suppressed. The latter is the reason of impaired barrier properties of the outer membrane and its higher permeability for periplasmic protein, which leads to protein secretion into the culture medium. Such increase of permeability is confirmed by intensification or decline of EPS secretion into the medium (Table 2 ).
In cells with the normal phospholipid composition, PhoA overproduction and secretion positively correlate with EPS secretion. So, EPS secretion increases 37-fold in strain AD93/pDD72/pHI-7, 4-fold in HDL11/pHI-7, and 1.3 times in HD30/pHD102/pHI-7. The change in membrane phospholipid composition due to the lack of PE results in a 3.7-fold decrease of EPS secretion; at a lower APL content, EPS secretion either increases (in HDL11/pHI-7) or changes little (in HD30/pHD102/pHI-7).
Another cell envelope component responsible for the outer membrane barrier properties is lipoprotein. The immunoblotting of lipoprotein in strain AD93/pDD72 ( Figure 8A ) showed its content to decrease at PhoA overproduction. The change of membrane phospholipid composition in strain AD93 induced LP content decrease, which was an additional reason for higher permeability of the outer membrane for periplasmic protein. The immunoblotting of lipoprotein in strain HD30/pHD102 ( Figure 8B) showed that its content also decreased at PhoA overproduction and secretion across the cytoplasmic membrane. Under the unbalance of phospholipid metabolism, LP biogenesis is still more disturbed: the content of mature LP in membranes decreases and the content of its supposed precursor increases. Thus, the envelope composition has been shown to change depending on the level of protein synthesis and membrane phospholipid composition.
3.6 The effect of changes in PE composition on protein secretion and cell envelope composition depending on MDO synthesis
We have obtained higher MDO content by introducing an exogenous MDO precursorarbutin (n-hydroxyphenyl -β-o-glucoside) into the growth medium. With the purpose to assess the effect of metabolism and composition of zwitter-ionic phospholipid on secretion and outer membrane barrier properties under these conditions, the latter were studied in strains E. coli AD93/pDD72, AD93/pDD72/pHI-7 and AD93/pHI-7 (Table 3 and Figure 9 ). The Table shows that the introduction of arbutin into the medium for cells with the normal phospholipid composition and chromosomal level of phoA expression increases EPS secretion 13-fold. LP immunoblotting showed that LP content in cells decreased. No significant changes in LPS content and PhoA secretion in the presence of arbutin were revealed. Secretion of PhoA encoded by the gene constituent of plasmids across the cytoplasmic membrane in the presence of arbutin is lower than in the absence of arbutin, and secretion into the medium is unchanged. In the presence of arbutin, the contents of LPS and LP become significantly lower.
The change in membrane phospholipid composition in the presence of arbutin results in a minor decline of PhoA secretion across the cytoplasmic membrane, as well as of secretion into the medium and EPS secretion. The LPS and LP content decreases as well.
Thus, protein secretion and biogenesis of cell envelope components in the presence of arbutin were shown to be suppressed under both PhoA overproduction and phospholipid unbalance.
Discussion
The goal of this work was to reveal an interrelation between secretion of a protein being an integral part of cell envelope and biogenesis of other cell envelope components, as well as the contribution of phospholipids to this interrelation. The latter, also being an integral part of cell envelope, due to their structural and metabolic heterogeneity are involved both in protein biogenesis/secretion and in biosynthesis of non-protein envelope components [48] . All the above suggested an interrelation between these processes and was supported by the findings of this work. We have shown the content of cell envelope components to change under the normal membrane phospholipid composition and PhoA overproduction and secretion across the cytoplasmic membrane: there is a positive correlation between protein secretion and LPS and EPS contents and a negative correlation between protein secretion and LP content. The increase of LPS content under PhoA overproduction observed in our previous works suggests the coupling of protein secretion with LPS biogenesis [8] . This conclusion is favored by the data of other researchers [49] . The negative correlation between protein and LP secretions, i.e., lower LP content under increased PhoA secretion, is evidence of competition between PhoA and LP for the common sites of translocation across the cytoplasmic membrane. This is not surpris-ing, since both proteins use the same Sec-dependent secretory pathway. The envelope components under study, LP and LPS, are responsible for the outer membrane barrier properties. In the present work, aggravated barrier properties and higher permeability of the outer membrane at protein overproduction and hypersecretion were supported by intensification of EPS secretion.
Disturbance of the normal membrane phospholipid composition decreased the content of the cell envelope components in the strains used. Such effect was observed particularly in strain AD93, which completely lacks PE, the dominant membrane phospholipid of E. coli, and contains APL only.
The data obtained by new approaches once again confirm that phospholipids are precursors of envelope components, on the one hand, and involved in protein secretion across the cytoplasmic membrane, on the other hand. Under the disturbance of phospholipid metabolism, both of these processes are suppressed, apparently as a result of their enhanced competition for phospholipids. It is notable that we have observed intensification of secretion into the medium even against significant decline of protein secretion across the cytoplasmic membrane. In this case, the protein overproduction or increased secretion already could not be the reason for changes in the cell envelope. The main reason of higher outer membrane permeability was primarily the significant changes in metabolism and composition phospholipids which are metabolic precursors of outer membrane components.
The interrelation considered in this work may be further evidenced by the effect of addition of exogenous MDO precursor to the growth medium, which is supposed to increase MDO synthesis and probably results in additional competition for the common metabolites -phospholipids. It is of interest that arbutin induces significant changes only in the envelope of secreting cells. Phospholipids are forced to modify MDO precursor, so that LPS and LP content in cells decreases. PhoA secretion also declines under these conditions. It seems as though the increase in MDO synthesis has an effect on envelope components similar to the effect of unbalance or protein overproduction, confirming the fact that they are also involved in the process with utilization of the common metabolite.
Our findings give evidence in favor of interrelation between protein secretion and biogenesis of some components of cell envelope and contribution of phospholipids to these processes.
